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SUMMLARY

The apparatus used in thlis investigntior nermits the isoclae
tion of piston and ring friction from total engine friction under
actual operating conditiornse Friction work has been measured
for various niston ring comoinations and cylinder surfaces, Theo
effect of scuffing and excess cylinder-well ludbricotion on ple-
ton and ring friction is reported, and a careful aralysis of the
changes in friction work during thc runein period is presenteds
A new technique for obttaining photomicrogravhs of curved sirw
foces has teer used to malre visval comparisons of cylinder-wall
roushnesse A dovice for um:iasurirg dlenetral ring tenslions and
ar. npparatus for transforwing pressure-cronk angle indicator die-
grams into pressurc~volure indlcator diagrams are describeds

INTRODUCTION

The work decscribed in this ropert is a continuation of the
work of Ferbes nnd Taylor (roference 1), who built an apperatus
ard devised a metled for ieolating vistea and ring friction from
other fcrms of engiane friction,

The work reportcd in refcrence 1 concisted mainly of the
developrent ¢f a rcascnnbly sasisfactory apprrntus. but produced
orly prclizinery resl s uhe vy of frietian dnsas The matere
ial proscated hercwiih deserides further imp-ovement cf the ap-
paratus and t‘c voswits i test ruas on a musber of different

piston and ring combirabionus

,;.—l

In alditicn to the work described herein and in reference 1,
the work of Tischbein (reference 2) in Germ-ny, and Howlkes an
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H~rdy (rcference 3), 1n England, mny dbo mentioneds The apporntus
used by Tischbein wns similer to that to dc described in this
roport, insefar as the frictional dregz of the piston rings wes
measured by the deflection of a flexibly meunted cylinder, tut
differcd by kaving a cross head which nllowed the piston to move
without touching the cylinder walls and thercby permitted the
measuremcnt of ring friction only. Thc apparatus of Hawlies and
HEnrdy was also in the same category, cxcept that the piston wns
flexitly mounted ard the cylinder slecve wes crused to oscillnates
Although Hawkes »nd Hardy did not cmplo) a cross hend, they statc
thrt the clear~nce between tic piston and slcive was such that
values of friction mcosurcd without the rings werce neglizibloe
Essentially then, this cpparatus elco measured ring friction onlye

However, thosc apperatus werc suitable only for mcasuring
piston ring friction under ronfiring corditions. As for es the
~uthors have becn able to ascertain, thc apparatus described
herein is the only one vhich permits piston and ring friction to
be measurcd in an actual engine under firing conditions,

This investigetion, conducted at the Massachusctts Insti-
tutc of Technology, was sporsored by and conducted with the Tl
nonciel assistanco of the Wational Advisory Committce for
Aeronautics,

The suthors are indebted to ¥r. Jokn Markell, who contribe
uted substantinlly to the improvement of the ~pparatus; to
Professors Bo So Tarlor -nd Co Fe Toylor, whosc sdvico and crit-
icism were frequently solicited, and to tho members of a specinl
panel rcpresenting the aircraft industry and the YACA,

OBJ=ECT OF wiSTS
The object of the tests rceportod hercwith was twofold,

namely$

1. To determine the effect of piston-ring "scuffing" on
the piston~friction vorsus tine diagram,

2. To study the piston-friction versus timec disgram,
particularly during thc run-in poriod, for the
following combinations:
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Piston tynes

Aluminum, autemotive, and aireraft types

Cylirder slceve materinl

Stcel, SAE Lilo

Piston rings

Automc¥ive and alrcrait types
Straight and tapered face

High and low tcnsion
APPARTUS

The cngine used by Forbes erd Taylor is fully described
in refcrence 1, but for convenlence a brief description will
be given heree Two socctional views of the engine are showa in
figure 1le '

The cngine consisted of a standard CFR crankcose on which
o special cylinder and cylinder kenc werc mounted. The borc of
the cngine was 3¢ inchos, tnc stroke Wl inches, and the com-
pression ratio 5.05. A shorter counecting rod, 8 inches long,
was substituted for thc standard 10-i.ch CFR connccting rode

The cylinder slcove (1) was held in poéition by two snrular
stecl diaphragms (2), clamped to the outer cylinder by mcans of
the cylinder head (5) at thc upper ead ard the steel plate (4)
at the lower ends

The cylirdcr head closed the combustion chamber by means
of ¢ piston-shrped section which fitied closcly, but dld not
touch, the cylinder sleovee A scries of grooves machined in
tats scetion formed ~ lab;rinth sorl (6) wnich reduced the lenke—
szc of gnsecs from the cylinders Tids cylinder he~d vill be ro-
ferred to in this report as "noe 1 cylinder hend",

Two spark plug wclls (7) 2nd o well cortnining an optical
lever (8) were senled off from the jacket cooling water by menns
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of flexidlc neopreae soals (§)e  Lerd=-off holes (10) drilled i=
the side of thc cylinder head into the soarce (12) zbove the dine
phrasm took carc of gas end 0il lcakagc through the lnbyrinth
e~d nssured atmosphoric pressurc on the uppor diaphrags,.

Gas lerkngc vas mininized by pwmping oil into the labyrinta
through o duct (11) leading through the top of the cylinder he~de
The oil then passcd out the loek—off holes and to the oil roscm-
voir, cxcept for a small anount which loaked into thc conhustion
clsmbere The oil wns supplicd to the hcad at about 50 pounds
per squarc inch pressurc, and wos of the ssme typc ~s tie oil
uscd in the crankcasce

A bean of 1iskt, throvm on the mirror (&), wos roflected
onto 2 nhotographic film which moved nt right nngles to the
niston notion, Thus, as the slouve ims pullcd up ~nxnd do'm on
tac flexible dlaprragms by the friction force of the moving
piston, o wove form wns {:mressed on the filme GThe wvmve forn
provicci ~ neans of detormining wiston friction under actunl
operating conditionse

The eloerance betweea the crlinder head end the slecve
was si2ll cnough (not more than 0,001 inch on thc radius) to
prevernt ~ny signifie~nt loss of pressure in the cylirndere It
was very difficult to comter the crlinder hend in tl.o slecve
with this dcgree of accurasy, ond eonsiderable time vns involvad
ir sceurinz the propecr alinemcnte Hilth noe 1 c;linder hend it
wns alwnys ncecssary to makc a cheeit run to dctornine vhether
or not thec heod wes toucling the slecves Uhen contect cxistoed,
sticking occurred, and the friction rccords were not rclintlce

In an attormt to elininatc or nt lcast dininieh sticking,
in the ease cf actunl contoct, Forbes and Taylor tried lend-
plating the cylinder heads This procedurc also allowed cone
sidcrablc comtrol over the clenrancece Zut the rcsults only
tended to confirn the lipression tint if there was eny contact
wastover botween slecve end cylinder hoad, the results were
unrcliable,

As a furthcr precaution ageinst slcevo-sticling, the cyle
inder Lond was kopt at low tcmporaturcy in order to mininize
thernal ciprnsion, b;” circulatirg tap water through the hoesd
indencndently of the cylinder cooling .s7sb e
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Noe 1 cylinder kesd was uscd in the prosent test pro-
cra1 to determine the cffect of ring scuffing on piston frice
tion, but at the complction of these runs it was decided to
rcdeslgn the head in order %o overcorle its shortconings,

The difliculty encountered in centering the heal with the
sleeve was clininntecd by constructing a new he~d crbodying a
sct of junk rings (sec tigse 2 2nd 3)e This head will be ro-
ferrcd to hercafter as "cylinder head nos 2" Thc asscably
coneisted of four contimwous (unsplit) rirgs, 4, held in place
by four spaccrs, B, C, D, E, the bottom spacer B serving also
cs a ring nut for holding the asscrbly in places Both rings
and spaccrs were nade from nild stecle The junk rings were
nachined to fit the slceve with the szme radial clearancc as
the original heed, that is, not more than 0.001 inch, but were
froc to move radially in thc specere a distance of about 0,01k
inche This frecden of radinl novanment allowed the jurk rings
to ccnter thanselves jn the slecva reserdless of any nisalinos
nent between head arndf sleeves The radlal clearsnce betwecn
spacer rings end slesve wes 04005 inch, which was also noro
tkan sufficicnt to allow for any nisnlincment betwoen head
ond sleeve (sec fige 3)e

The spacer ring C was groovcd circunferentially insido
and out, and drilled with eight ralial holess Trosc grooves
snd holcs allowed tre passago of an o0il strcan whick was fed
into the head through a duct sisilor to that sinown at (11)
in figure l¢ Tic 0il was supplicd ot the rate cof cbout W
drops per nimite by mears of a Bosch fuel-injection punp, ro-
tnted at slow spced by an clectric motor. The oll provided
2 filn which helped to close the clecrance space between
the rings and slccve, thereby rcducing gas pressurc leaxago
as well as providing lubricatione

The oil supply to this ncw hond was critical, and only
after considerable cxpcrinentation wes the correct oil flow
dcternineds V¥hen the oil flow wes too large, soot and gun
forned on the junk rings and in thc combustion chamber, and
vhen the oil flow was too saall, 2 large volune of combustien
products leazed by, covering the jurk rings with carbon. In
citlier casc uus~tisfectory operation resulteds Aside from
soot and gum formation in the condbustion chanber, an cxccess
of Yecad oil hed the additional disadvantage of changling the
charactoristics of the oil film on the cylinder wallse In
sone of the esrlier runs, nade urder condltiorns of excess
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head o011l feed, an increasc in the crankcase oll level was
observed after running, showing that some of the hend oil
hod workod 1ts wey past thie piston and down the cylinder
wells to the crankcases Thesc runs were later repeated uc-
irg the correct oll foede

Moasurcrnonts nade on the quartity of oil in tle head-
0il supply tank beforc starting a mun end after a run, com-
pared with the hend-oll lonk=off snd crenkcase contents before
and after the run, showed that whea the head-o0il flow was
corrcctly adjusted, no neasurable quantlty of oil nede its
wey past the oiston to the cronkenss, although a snall =nount
was citer burned or blown out with tho cxhauste Thcrcfore,
it is bclieved that the normal fila lubrication charactoris—
tics betwoen piston and cylinder sleocve were not upset by the
hond-0il supplys Additional data %o support this bellef is
prcsented latore

ter the correct uenge of ti:is new head and oil systcon
*ad becn deternined, excellent performance was realizede

In the originel apparntus of refercnce 1, a filn specd
of 25 inches pcr second was usede s neant that, with a
rocl-cepacity of 100 fcet of filn, continuous records could
bo taken over a pericd of 4¢ scconds only. In order to male
it possible to take continuous records over extended periods
of tine (up to 1 Mour with 100 ft of filn), a slow-spced filn
drive (0,295 ine per scce) was addeds By this nmcens it was
hoped that any change in friction chrracteristics could be
correcloted with opcrating conditions by corparing the tine
scquence of tho events on t%e record with the scquence of
evernts entored in the log booke

A short longth of a continuovs slow-speed record is
shovn in figurc U,

It should be noted that the slow-speed rocords show

only the maxirmun ~plitude of the friction cyclce This nmears
thrt these reccerds were useful in showing when a change in

the friction cycle took place, but tint this change was not
reccsserily indicative of 2 chango in the work of frictione
Thus en ircrease in the anplitvde of tac record night bc due
sirply to a nore pronounced excitatinn of the slocve at 1lts
raturel frequency ratler thon to any incrcase ir friction wcrke
This increascd arplitude could, of course, be associnted with
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ring scufiing by conparing record, rings and log book aftor
t.c run,

It w~s considcred desirable, wioii taking such long sloivw
speed records of run-in conditions, to have occasicnal short
high-spead "shote" for the purpose of corputing friction works
Accordingly, the drive systen for the carcra wes ioproved to
allow for taking high~ or lowespeed rccords at wille

Tre slow-spced nstor wng connccted to the canera drive
ty means of a chein and sprockete The sprocket was tekern fron
a bicycle hub and contained o ratchct and pawl systen, the
pawlse being connected to the sprocket and the hud forning the
ratchet druas The ratcliet drun was connected to the canera
drivees

During slow-speed operatior, tho pawls engaged the ratchet
drun and rotated the camera drive slovlye Theo high-speed cem-
cra notor was comnnected through a friction clutch directly to
the ratchet drunm, snd whon the clutch wns cngaged the ratchot
drun overrode the pawls and turned the ocamera drive at high
speeds Thc friction clutch on the hifh-speed drivo was en-
geged by ziomns of a solenoid opcratcd by a switch on the cone
trol board,

The position of top center was registored on the high-
specd records by noens o a neon flesh buldb located berird o
slit in the canera box and opernted by a sct of breaker points
on the camshafte These breasker points closed the lanp circult
at approximately top ceater?! at the beginning of the power
stroke every cycle rnd irpressced e verticel line on the filn,
Since top center marks were desir~blc only when tnking high-
specd records, the lasm circuit wns pleced in scries with the
switch vhich opernted the solenoid on tiie high-speed czniern,

One disadvantage of the recording systca wes that it was
always neccessary to devolop the fila before an event could be
recognizeds In order to overcone tiis handicap a device for
providing a continuous visunl rccord of the frictlon-tine cy-
cle was added to the cngines This dovicce consisted of an
electro—nasnetic type phonograph pickup, nounted rigidly on
the side of the c¢ylinders The plionograph ncedle was conrected

¥Por a description of ti.e :xethod of locating top center
oxactly, sce "Discussion',
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by means of a thin strip of steel to a blind plug screwed in

the spare spark plug hole (see fige 1)o Oscilla*tions of the
cylinder sleeve imparted a motlon to the phonograph needle, and
tane output was fed through an integrating circuit and pre-ampli-
fler to a cathode~ray oscillograph whiere the wave form could

be continuously observede A certein ecaount of extraneous mech-
anical vibratlion was talten up by the pickup unit, and an elec~
trical disturbance was observed at the occurrence of spark, bdut
with a 1little experience it was an essy matter to correlate this
somewhat distorted wave form with the true wave form recorded
by the ontical system. 'Another valuable feature of the visual
system was that it gave an instantaneous indication as to vheth-
er or not the apparatus was working satisfactorily. Lacking
this information, a vhole run might be wasteds Also the visual
systcm was of assistance in determining the correct oil supoly
for the new head,

As experience was gained with the visual system and a
"feel" was acquired, thc nced for the 100-foot slow-speed
records was practically eliminated, Nevertheless, the slow-
speed records were continued for the duration of these testcs

Another addition made to the original apparatus was a
gas mcter which was connected to the crankcase breather pipe
in order to measure blow-bdys Preocautions were taken to meke
the crankcase otherwise airtight, A 50-gallon surge tank was
inserted in the line botween the crankcase bdreather and the
gas netorg

In prelininary work with the friction apparatus, it was
noted that the zero, or ‘equilidrium, position of the light
spot on the film was not fixed dbut veried somewhat with oper-
ating conditionse It wes suspected that this variation might
ve causcd by air or steam bubbles forming in the annular
groove in the upper dlaphregm, thus preventing uniforn con-
tact of the cooling water with all parts of the dlaphrogm
surfaces In order to offset any such tendency, two small
dlametrically opposite holes were drilled into the side of
the dlaphragm '\ith their axes on the seme level as the top
of the diaphragm groovee. The holes were connected by means
of neoprene and glass tubing to tic header tank in the cool-
ing systeme Although occasional bubbles were observed flow-
ing through the tubes when the engine was firing, no marked
decrease in the varliation of zero position was noticecd.
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PROCEINRE

Scuffing Tests

The combination used in the scuffing tests was a cyline
der sleeve made from SAE U0 stecl (designoted as "sleuve nos
1"), an aluminum piston (designatsd as "plston no. 2", and
satomotive-type cast-iron piston rings (see fig, 5). The plow
ton rings were supplicd by the Perfect Circle Company and cor-
gisted of standard stock sizess The ring specifications were
as follows:

Groove Noe 1 Manufacturer's designétion
1 Hos 200, 3" x &"
2 | No. 70, 33" x A"
3 Yoo 70, 347 x &
l Noo 85, 33" x 2"

5 ¥o. 85, 3" x 4"

In order to simplify the proccdur:, preliminary tests to
determine how to create scuffing were made with the engine mo~
toring", cylinder head removedes A promising wiy to accomplish
this scemed to he to dilute the lubricant on the cylinder walls
by introducing kerosene into the cylinder. To this end kerosene
wes squirted on the cylinder walls virile motoring the engince
The attemyt failed, howevers It wos then decided to use ethyl-
ere g£lycol in thc same manner, since it is known that ring
scuffing results in service cngines when this coolant leaks
into the cylinders, But this alternative proved no more suc-
cessful than the preceding once

It has also been noticed in this laboratory that scvere
detonation in air-cooled cylinders at high mean-effective
pressures {(above 200 1b per sq ins) is a contributing causc
of ring scuffing; accordingly the cylinder head was replaced,

l1piston grooves are numbered from top to bottome



10 VACA ARD Wo. !'JOZ

the enginc fireé, and scverc dctonation induced over short werids
b;” meens of cthyl nitritc mixed with the irlet air; but no scufiing
wns produccds The engire was then cnused to dctonate scvercelys fer
about an hour by using kerosenc as fuel, dbut without effect, prob-
2bly vecausc the mean effective pressvice of the cnzine (80 1b per
sq in.) wns too lows

The cylinder slecve was then removed, thoroughly clcancd, and
placed in a watcr spray for W hours for the purpose of roughcning
the surface by rustinge The rust did not form uniformly on the sur—
foce, but was choracterized by long strealts of 2 soft, powdory con—
sistoency, Whon ticse streaks were rudbed off, innumerable small
nits werc Found undcrncatile e roughened slceve was replaced ond
the cngince fircd at 1800 rpm for 2 hours, but with ncgative results
as to scuffing,

Finally the cngine was fired whiilc a liberal quantity of cthyl-
cne glycol was introduced into the inlct pince This procedurc pro-
duced the desired rcsult, and tlc record obtalned (see fig, 13(1))
shoved that tho apwrratus was indc:d scnsitive to scuffinge (Come
nerc with rccord for opcration under ilec somc conditions, but wvithe
out cthylenc glycol, fige 13(&).) The opcrating conditions for tace
scuffing runs arc summarizod in tebdlc 1,

Run~In Tests

Tho ramninder of the cxperimental progrom was devotzd to a
study of the friction characteristics of verious combinations of
aircraft-type piston rings under a fixed set of opcrating condi-
tionse Thc piston rings werc mode esopccially for thesc tests by
tiic Perfect Circle Companye

The ring comtinations selcctcd verc!

High tcnsion, straig:t face, com-
pression rings (sec fige 6)
Tho same tyme

Low tcnsion, straight fnce, come of scrnmer
pression rings (sce figo 7) rings vms
used in all
High tcrsion, tamercd face, com— thesc tests
pression rings (sec fige 8) (sec fige 10)

Low tension, trpered face, coii-
4 w ]
prossion rings (scc fize 9)
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All piston rinzs were factory lamped cither to full or line conw
tact, depending on whether they were straight faced or tapercd,

& now cylinder sleeve machined from SAE 4140 steel (dcsig-
natcd heroafter as "sleove noo 2") and an aluminum alloy piston
(designated hercafter as "tiston nos 4") were used in these runse

The piston (sce fig, 11) was similar to the onc used in the
scuffing tests, haviag four ring-grooves abova tie wrist pin and
onc groove below tihe pin at tlhc bottom of the piston, The spoce
ing and widtr of the grooves differcd from those of the piston
uscd in the scuffing testsy hovevere A compression ring wes nlaced
i1 eaeh of the upper throe grooves, ond scrapor rings were placed
in the lower tuo grooves. This arrrngemcnt corresponds to current
aircraft proctices This piston wos & modified version of a desien
developed by thie Ethyl Gasoline Corporction Rescarch laboratorics,
who willingly supplied the drawlags and castingse The mechining
of the piston was donc by the Perfect Clrcle Company,.

Tho rings were of cast iron of wniform composition consiste
ing of: ’

Total carbon | 3e50+3480 porcent
Silicon 20 0=3410 percent
Sulphur 0010 mexe porcent
Phosphorous O.lEeO.uO percent
Yangancse 0,140=0480 percent
Molybdenum 0¢5C-0670 percent
Chromium 0e 20-0410 percent
Coppor 0450-0475 (according to
scction)

Bardness, Rockwell D Lo ~ 50

The ring tensions, tiat is, dismeotral tcnsions, were meas—
ured by mecans of an instrument especirlly constructed for this
purposce Thils instrument is showi ia flgurc 12, and is described
in apoendix Ae By diametral tension is meant tha’ force which
whcn applied ecross the diamcter of tlie ring at right angles to
the gap will be just sufficient to close the gep to that clear-
ance which exists wren the ring is ia thc cylinder, cold.

Mcasurcments of ring tonsions and gap clearances, as wcll
as groove cleararces, were made belore ard after each run, but
changes in the lattcr were too small to be sigrnificant daring
the relatively short running perinds of thece tcestse
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The lubricating oil used in 2ll runs of this group was SAL 20
(Texaco, alrcraft tyne) obtained from = single darrcl which was kept
tightly sealed at all times when not in uses The o0il barrcl uas
mountcd on trunnions and aglitated thoroughly before oil was taken
from ite

Eech run was divided into two vorts, designated A and B, Part
A consisted of & run of about 1 wur duration during which a cone
tinuous 100-foot record wes taken a2t slow film speed (with occasional
righ-specd shots), This part covercd the first phase of the run-in
period, ‘

Before starting each l-hour run, the cylinder slecve was lopped
50 strokes (25 cycles) with turning motion. An 0ld eluminum piston
and cast iron rings, smeared with noe 600 lapping compound, were
uscd for this purposes The reason for the lapping was to insure
that eack run would be started wlith the cylinder sleeve surfaco as
nearly as possible the same in every cases After lapping, the cyl-
inder was tlhorougzhly cleaned by flushing with "Wersol", and a survey
of the surface roughness wes mode with a profilometers In making
tids survey thie tracer wes moved along the surface longitudinelly
only, that is, in the direction of piston motion, A lacquer speci-
men of the oylinder surface wns then procured by painting a small
area of the surface with "Protectol® no, 28 brushing lacquers This
locquer is quick drying and transparent, and can be readily pocled
off the surface in one sheot when drye The side of the lacquer
shcet in contact with the surface carrlied o presumadbly true imprese
sion of the surfeoce, and tlmis afforded a ready means of obtaining
photographic reccords of the cylinder surfaces 4ll photogrrphs of
¢lindor surface were nade from these replicas, This technique
wag suggesbed by the Fuels and Iubricants Division of the Aircraft
Ergine Rescarch Ieboratory of the JACA,

The crankcase wos then drained, 211 oil lines disconnected
and blown out wlth an alr hose, oil pump and filter cloancd, and
the system flushed thoroushly with keroscnes A small amount of
fresh oll was thoen circulated through the system and drained off,
after which the system was f1lled with the requisitc amount of new
0il,

The engine was tiaen assembled and a l-hour rn mades e
fixed operating couadltions were:

Engince speed 1200 rpm
Puel-air ratio : best power
Spark advance 30°
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Menifold prescure atnospheric

011 tcaporature 1800 7

Jacket water temperature 180 ¥

Cylinder head teaperature o]™=TJO F

Inlct nmizturc tomperaturc 1850 F

0il pressure 44 1b per sq in.
Iubricating oil SAE 20 (aircraft grada)

After part A the piston and cylinder werc rcaoved and meas-
urcnents talzene The ring surfaces werc extnined under a micro=
scope for evidences of wear or scuffinge The surfacce of the cylinder
slceve was surveycd for changes in roughress bty neans of the pro—
filometor, & lacqucr speciaen and photomicrograph token, cronkcase
0il sarplcd, and the engine recsscmbled with the sanc rings and
without lapping thc surfacee The lubriceting oil was not changeds

The engino was then run continuously.for 10 hours (pts B)
under the same opcrating corditions ns wecd in part A, end oc-
cesional short rccords at high fila specd were takene

At the end of thc 10=hour run tlie cylirder and piston rings
werc egain inspected and neasurcnents, similar to thosc nadc after
the l-hour run, wcre rccordede

This procecdurc was followecd for czach of the four conbirations
of rings listcd beforece Cordenscd data on the runs arc given In
tables 2 to e A sumiary of *he run—in teost progran follows,

Boforce stoarting rur—in tects
Turpical surface of umuscd piston rings photographed, and sur-
frece roughness meosured with o profilometer, in the cir
cunferentiesl dircction
Iubricating oll sammled

Prior to each rmn
011 rystom flushed and refilled with fresh oil (prior to l-ihr
runs only)
Cilinder lapned (prior to l-ir iuns only)
Cylinder clcaned with Varsol
Lacquer soccinen of cylinder surfoce ottainod and photomicro-
graphed :
Measurcnents:
Cyliader surface finish (profiloneter)
Piston ring tcnsion - 211 rings
Piston ring clearance in each groove (fceler gage)
Piston ring g2p in stondard sace
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During runs

<1l usual readings takcne

UACA ARR Toe 4JOE

Contizuwous filn and/or occasioncl ligl: film-speed cycles trlzens
Perfornnnce chiecked with catlwodo-rcy oscillograph

Blow-by ncasured,

conaltions

Engine specd

Fuel-alr ratio

Spark advonco

Manifold nressure

01l temperature

Jacket wnter tompceraturs
Cylinder hend teonperature
Inlet mixture temperature
011 pressure

Duration

After e~ch run

1200 rpa

best power

30°

atriospheric

15° F

1800 F

€70-770 F

1850 F

L4 1b per sq.in,
1 to 10 lwours

Lecquor specincn of cylinder surface obtained and microphoto-

graphede
Crarkcesc oil sarpled
Meoasurenents?

Cylirder surface finish (profilonctcr)

Piston ring tension - all rings

Piston ring cleara:ice in each groove (feeler grnge)
Piston ring gnp in standoard gz2gc

Forogoing procciure followed on anircrnft-typoc pisten riage for two

cxtronces

Lfter comletion of run—in tests

High tcasion, strrnight face,
cact Iron rings e = = -
Low tcnsion, streight face,
cest iron rings = — - =
High tension, tapered face,
cast iron rings = = =« -

Low tension, tepcred face,

cast Iron rings - = e =

runs 134 and 133
rons 144 ard 1U4B
runs 154 and 153

rans 16A and 163

T;plcal surface of used piston rings photographed and surfrce
rouglincss ncasurcd with a profiloncter,



MaCa ARR FHo, HJ06 15

DISCUSSIG

Intorpreiation of Friction Rocords

For the purposc of illustration, consider thc friction reccord
shown in figure 14(a)e This trace rcally reprcsents a rccord of
cylinder-slecve displaceitent versus tlice Taree consecutive engine
cycles (12 strokcs) are shown in this rccorde The order of cvents
is fron left to right and the L strokes in the first cycle (nznely,
power, exhaust, suctlorn, and corpression) are indicated by the lete
tors Py B, S, and C, respoctivelye The duration of each stroke is
indicated by thc vertical lines drawn across tlie tracce These llnes
were drown on the reccords with ink after doveloping thenm and thre
gpecing was deternined by dividing the tino duration of 1 enginc
cycle into 4 cqual partse Tho first vertical line, farthost to tho
left at the beginning of the power stroke, rcprescnts true top cen-
tor and wes drawn in with inke The cxact location of this line wes
dotermined from the sccond vertical line (the long one) which was
impressed on the filn by the ncon flash buldb in the caneras Although
this neon buld was node to flash exactly when the piston reached top
center at the beginning of the power stroke, it did not necessarily
indicate the truc position of top center on the filn trace because
the lnege of the light spot reflected from the oscillating nirror on
the cylinder slceve wes offcn displacced slichtly to the right or the
left of the mxis of the cancra leouse Sitce it was sonewhat of & nui-
sance to adjust thc opticzl systam to overcone this spot digplacenent
evory tine the cngine was teken aport and rcassenbled - which was
often - the displaccment or "top center crror" was allowed to persist
and a photograpiic check was nnds to deteriine its nagnitudes Tuls
was done for ench record oy taliing an inagc of the light spot and then
flrshing the neon bulb while holdirg t'ie fila stationary, Theso check
inages are not shovn in the figurese The top center error varied
slightly after each crginc overhaule

The records stown in this report, with one or two c:ccptions,
-~ve 211 been nicre or less traced for tlie purpose of roproductions
The published records, thercfore, eibit a roughineas which was none
cxistent in the origlnel regatives ~nd nost of the fine detail has
becn losts Thc trecing was necessory beceuse the dbrightness of the
roflected licht beon was very often dininished by condensate foruing
on tie inside of the lens in the mirror well (8) (fige 1l)e This was
due to snell anounts of water vepor leelsing past the ncoprenc se~l
(9)e Although this scal was satisfactory as far as actual water lcak~
agc was concerned, it wos difficult to prevent ninute quantities of
veper fron sceping throughs
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It will be noticed that at the teginning of each stroke, the
troca rises or folls ebrustlys A ricing of the trace indicatces
that tho sleeve 1s noving upword and vice versas

Tho greatcst deflection of the troce occurs at the beginning
of the power strokec where it will do observed that the trace frlls
abruptly, then riscs with cqu~l atrupiness, then falls agein, and
finally rises slowly for the rcmeiader of the stroke. Althouch this
fluctuation at the beginning of the stroke actually represents the
-lotion of the slecve, it 1s not represcntative of the friction force
acting on the slecve beceuse the 1nitial excitation has cnrused tie
slceve to oscillate at its natursl frequeneye

The instantanecouns friction forre acting wonld bte representcd by
a nean curve drewn througl thesc oscillationss In this report no at-
terpt wns nedo to mersure instantencous friction; a2ll conclusions
were drawn on the basis of fricticn work for the cycles In couputing
friction work for the eycleo, all cffccts of natursl frequency cnncel
out provided the work loop is clescd at both endss

At tho berinning of the cxhrust stroke the slceve is pushed
abruptly upwards, but the patural frequency is not so pronminente 3y
corparing this efTect with tiat at ile beginning of the power strole,
the effecet of preossure bchind the piston rings becores immediately
evident,

Also at the beginning of the suctica stroke the slecve 1s pulled
abruptly downword, and ot the boginning of the compression stroke it
is pusihed abruptly upwarde The nagnitude of the displacenent is about
tre sanc in eithoer casc and less tharn that of tiie power and cxanust
gtrokes,

Thesc phenoicna are repented 1th excellent cyclic regularity
and hence, in the runs which follow, orly singlc c;cles are showm,

Corporison of Friction Work for Scuffing Runs

Records of piston friction tokeon during the scuffing runs erec
shown in figurc 13, operating conditions cre given in table 1, ond
friction work is sumarized in todlc 6, The method uscd to cormute
friction work is given in epoendix Be All data presented here ney
vory froa true velues by a nestimn of 4 percent (sce sec, under
Prccision)e
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Runs 3 and ! wore nade under corditions of nomal combustion
and severe detonation respectivelys The friction rccords are shown
in figures 13(2) and 13(d)e The tirin: marks for thesc two runs were
recorded during tho exhnust strolzes, tut in all otlher runs the tim-
ing narks werc rocorded durlng the power strokes,

It 1s evident that an alteration in the friction wave foria co-
corpanies the chango in conbustions This alteration occurs at tho
beginnirg of the power stroke, as wculd be eipected, and is recog-
nized as a nore pronounced excitrtion of the siceve at its natural
frequency. The frictinn work for these two records is the seme, howevers

Records for tlic motoring snd Tiring runs (noss 5 and 6) nade after
the sleeve hnd becn fresaly rusted ere shown in figures 13(e) and 13(a),
These runs show e considerseble increasc in the friction work over thet
of runs 3 end 4 Since thesc four runs were all.rmdd under the seno
operatinb conditions {cxcopt for inlet tamperaturo, which was about
40° F higher in the first two runs), tho incrensc is apoarently due
to tho rusted cylinder surfecce

Alsgo, the friction work for thc notoring run, nos 5, is less than
that for the firing run, nos 6, 28 would bo expected, Tie next fire
ing run, nos 7, wos made under the sone cenditions as run noe 6, ole
thouch at 2 leter date, and it A1l be noticed that the friction work
1s sonewhat lesse This difforence 1s protably duc to the fact that
tie sleeve, which wes freskly rustod in run €, had been thorouchly
mrn-in by the tine run 7 wes r-du, vith a cnnseqpent reduction in fric-
tione The recor? for run 7 is showm in figure 13(e),

The sane co:clusion can be drawn as regards runs 5 and &, vhich
are notoring runs nade uader the suic coaditions,s Run 5§ was n~de vhen
the slecve h2d beca freshly rusted, nnd run 8 wes nade at a later date
vhen the sle:ve 1nd bsen subjected to scverel hours! runninge Thas
it would be expcected that thie friction work would be less in run 3
The record for run 8 is shown in Figure 13(f).

Run 9 vas a contiruation of tiic metoring run no. &, and 180 cu~
bic centinetors of ethiylenc glycol was added to the inconing nmixture
in an attcmpt to noke the piston rings scuff, The record, taken imee
nedietely after the ethlylene glicol hed been addod, is shown in figure
13(:)e There 1s no marked ciange in the wave ford of figure 13(3)
compered to that of figure 13(f), and it was accordingly corcluded
that the rings did not scuff after the addition of the othylence slycol
under notoring conditionse The friction work for run 9 is slightly
larger than that for run 8,
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The ignition vas then tur-ed on lanediately after the notering
run to sec if the cthylene glyecol which had been previocusl; addced
would cause the rings to scuff under firing conditiors., Tle firc-
tion work for tliis run, no., 10, is about the same as that for the
firinz ran, no, 7, iz which the crylinder well lubrication was uncon=
tauinated.

Tro record obtained during run 10 is shown in figure 13(h).
¥otice that tho record for run 7 (scc fige 13(e)) is almost identi-
cal with that for run 10, oxcept that in run 10 the natursl frequency
of the sleeve is nore pronounceds Frou a commarison of the rccords,
it was concluded tret no scuffing tock place during run 10,

. Figure 13(1i) shows the rocord obtaincd while 300 cubic centi-
neters of othyleno glycol was added to the inlct air with the

engine firing (rua 11). A radical chaage in tho wave forn 1s
anparcnt, and 1t will be observed tlnrt the trace is no longer cxrctly
periodic, This filn records the rcsult of scuffing. When tlie niston
rings were renovod aftor this run, tlhey were found to be scuffcds

The friction work for run 11, given in teble 6, Les two valucs, a
and b, corresponding to the work for each of 2 cycles in which

the wave form was at variance.

It is rather surprising tc notice thet the friction woric diring
scuffing is not greater than during nornal operation (commarc rurs 7,
10, and 11), Apnarcntly the friction work with or wvithout scuifing
is about the scne, .

Comparison of Friction Work for Run-In Tests

The friction work associsted witlr the various piston ring con-
binations used in the run-in tests, runs 13 to 16, is given in
table 7, 2nd the friction rccords ere shown in figures 14 to 17.

Figuro 14(2) shows the rccord taken 6 nmirutes after the st-rt
of run 134 wicn the rings (high-tension, straight fece) were new.
The record taken 1 hour and 5 ninutes after the start of this run
is siiowa at (b)e The displaccments at the deginnizg of each stroke
arc now less pronounced although tihe noattcrn of the cycle is sinilor
to that siown at (a). Tre friction work hes decreased by about
14 pereent,
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Aftor the corpletion of run 134 the cylinder, piston, azd
rings were resoved and cleancd, tlen recsscnbled, =224 run 133
corv.cnceds Thia record shown at (c) vas taken 32 minutes after

e start of run 13B and is_voery sinilar to (b) except that the
aaturnal frequency effects at the bezinning of the strolzes have
8till further dinirished. The friction work for this reenrd is
only about 1} vcrcent less than tlat of (b).

Ten hours after the start of rin 13B the friction record
hag becen talten on the appocrance shown at (d). A very substan-
tial increase in the natural fremency oscillation at the btezin-
ning of the pover stroke has teken place while such oscillations
at the boginning of the otier strokes of the cycle have practically
disappeared. This phcnomenon is not ensy to oxplain.

A (flance nt the friction records for the other ring coabina~
tions used in the run-in tosts (figs. 15 to 17) revecals that thece
records all follow the samo goneral pattern displayed by the
records for runs 13A and 13B, Also cs in the case of runs 134
and 13B the naturel frequency excitation does not seea to be a
function of runring time., 1Ia the record shown in fizure 17(=)
tho natural frcquency excitation at the start of the run is
practically noncxistent, wicrcas nftor nore than 10 rours! running,
it 1s very much in evidence (fig. 17(d))., Appercntly the only
goencralization that cen be made regrrding this effect is that,
for any cyecle, the effect is greatest ~t the veginnirg of the
povwer stroke,

The data given in table 7 show that during tke run-in
period:

(a) Tho work of friction dscrecscs steadily with running
tine, ti:e nmost ropid decressc occurring with hish-
tcntion, tapered face ringse

(d) The decrcase in friction work with running tinme is
not due to a decreasc 1. ring tonsion, which
. ranains essentially coistont,

(¢) 1In the case of straighi-face rings, friction work is
no greater for high-tension ttan for low-tension
rinsse

(d) In the case of topercd-frce rings, Tfriction work is
greater for high-tension tlan for low-tcasion
ringse
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(e) At the end of the run-in pcriod (about 11 hours),
tapered-face rings ive snalleor values of friction
worlk thrn stright-Tace ringse

Reduction in friction after cleaning partse - It 1s of
interest to notice that the friction work st the end of thc l-hour
run (part A) is always groater thon the friction work at the beoyine
ning of the 10=-hour run {part B) (scc table 7). It will be rencme
bered that after the l-hour run the cylindcer, pistorn and rings wcro
rcrioved and ncasurenents taken on surfoces, ring tonsions, and so
forthe The engine was then reasscivled with the sane rings, piston,
end cylinder, and the 10-hour run ccaicnceds The cylinder surfnce
wrs not lappcd between the 1- and 10-liovr runs?! nor was =ny other
change nade cxccpt to clean the rings, piston, and cylinder bcfore
reassenblinge

The cleaning process conelstod nerely of flushing the perts
in unlended gosoline since they were clweys in excellent condition
cftor only an hour or so of runninz, '

If the piston rings were inadvcrtontly strotched sufficicatly
to change thelr dianctral tonsions whille renoving or replecing
then on the piston, then some change in friction work mizht be
expected, ~lthough this slwuld tend to incroasc the work, Howcver,
grent care was used in placing and ronoving the piston rings, and
rcpeated cihccks node on specinen rings showed that no sisnificant
chonge in diametral tension resultod from this procedurcs Horo-
over, sincec at lcast 15 ninutes s 21lowed at the beginning of the
10-hour run dbeforc taking the first rocord, and lubricating oil and
jocket water werc aoproxinately at the stendard valucs befoarc stnort-
ing the engine, it would be expectcd that the oil film on the cylinder
walls would be nornal,

—— e ot e ———

1Excont ir thc case of run 1UB, Before starting this run the
cylinder was lapped in order to rcnove 2 sn~ll trnce of rust wiich
forned on the cylindor wall overnichie The rusting was duo to wvatcer
vepor wilch condenscod in the cylinder hoad leak-off pessages during
tle preoceding run but was in no woy scriouse The rust night well
have been reioved by wiping with o cloth, but it was considcred
safer to rcmove it by loppinze After this occurrence tho cylinder
acad was alvnys reunved inncdiately aftcr coupleting a rure The
effect of this lapping, however, does not in any way nedify the
discussion which follows,
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Hence there does not scen to bo any obvious reason why tris
consistent rcduction in fricticn work occurred after the rings,
piston, arnd cylinder had beca reomoved and clenned.

Bffecet of excess cylinder lubrication on friction worke =
In the first two runs node in this scries an excess of oll wes
supplied to the ring essemdly on the cylinder Lead, and sone of
this oil worked its way past thc piston to thc crankcase, Al-
thoush these runs were rejected whon this was discoverod, 1t
was later decided to computo the friction work for the runs in
order to appralse thc effcct of the excess lubrication on tho
cylinder wellse The runs (showa in fise 18 and designated x
end y, table 7) werc nade with the sane ring combinction as
used in runs 134 ard 13B (straigat foce, ‘dgh tension), but
notice that the friction work is nuch less than that for runs
134 and 13B, This fact londs wvelght to the gcneral assumption
thet the piston and rings operate under conditions of partial
£iln lubricatione Otherwlise an oxcoss of lubrication would not
rcduce the friction,

Also notice that in the case of run x (and allowing for
e Y4 percent cyclic variation) the friction work does not chango
significontly with tine, vhile in tiic case of run y = definite
increase nay bec rccognizede In run x a constant hcad~oil flow
of 13 cubic centincters per nirutc wns naintained, and this sane
value was uscd ot the start of run y, but during ths latter run
the flow was cut down so that when thc last rocord was taken, only
5 cubie centincters per minute wore supplied to the heads This
reduced flow probably dbrousht the cylinder walls closer to the
nornal condition of lubrication with 2 resulting increes in fric-
tion work,

These results further confirn the assumption thet under rornel
conditions the pistoa and rincs opcratc in the partizl filn roglon.

It nay 2lso bc observed, as in the casc of all thc other runs
in this group, that after the rings, piston and slcove werc reioved
end clcancd, there was a reduction in the friction worke

Rinz tonsionse - Ring tensions of piston rings, used in the
run-in tests, neasurcd beforc and ofter the runs, arc glven in
tables 2 to 5s¢ Tho changes in ring tecnsions wero not great, but
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cn actual increase in ring tensions with running tine was obscrved
in nany casoses In other cascs & s'2ll dcercase in toension was
obscrved with time. Therc does not appenr to be a corrclation
botveen the tyre of ring and the change in tension. The chengo
vag probably due mostly ¢o tle offcct of cylinder tcoperature on
internsl stresses in the ring rather than to any effects of wenr -
at loast for the short running periods here considered.

Gep clesranccse - Gap clearances showed an increaso with
rnuaning tine in 211 cascs,

Tre change in gap clearances for all rings was epproximately
tiiec sene during the l-hour run es during the 10-hour run showing
t~t the apparcnt ratc of weer wns eovproxinatcly ten tines as
great during the first hour of ruaning. High and low tcnsion,
strai ht and tapcred face rings all giowed sbout the same increasc
wvith running tine, but the bevolod scrapers showed considerably
treater incrcasecs,

Blom-by. - In the casc of streight face rings, blon#by wes
greater for low tcnslon rings than for :igh tension rings during
the first hour of ruaning.

In the casc of tepered face rings, this trend wes rcoversed
during the first hour of running.

&lso during this period tle streiht face rings gave greater
values of blow-by than tie t~pcred Jace ringse.

T.csc deductions nay not be gencrel because there was con-
sidereble scatter of the plotted values of blow-dy, end the l-lour
runs allowed tine for the taking of only two or three neasureoncnts,

During each 10-lour run nany observations of blow-by were
trken (ususlly ten to tweaty), although only a fow of these data
are shown in tables 2 to He However, all values of blow-by for
tlxc 10-hour runs are plotted in figure 19, where 1t will be
obscrved that the scotter 1s large ~nd the trends erratic.

I% does not scon advisable to draw conclusions on thc brsis
of tlicso curves becouse it appears ns though sone unforeseen cirw
cunstonce, such as the liaing-up of ring gaps duc to A slow roto~
tion of the rinzs, wes operating to influence the results,
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Surface Characteristics of Piston Rings
Used in Scuffing Runs

totomicrographs of the autonotive-type piston ring surfnces
arc srown in figurc 20. Fgure 20(a) shows the surfacc of a new
cast iron corpression ring of the tyic used ir the sculfing runs.
The lerge horizontel dark lines represont tool marks which on tae
nctual ring arc just visidle to the naked cyc. The light vorti-
cel lines ropresent scratches whicl: cannot be scen with the noked
C/Ce

Figurc 20(b) is a protonicregraph of a siniler ring nrtcr
nery hours of norial operation., YNotc tiint the tool marks ond
geratehos have alnost oatirely discopearcd. The nctual ring sur-
face llas a shiny, polished appearnnces

Figurc 20(e) shows e ring, of the same type as tho otker twe,
which was scuffed in run 11, Xoto the deep geugcs ~nd ragied
cdges.

Surface Charncteristics of Cylinder Sleevo
Used in Ru-In Tests

Photonicrographs of the cylinder surface replica taken after
lopping arc shown in figure 21. Tle lapping nnrks are clearly
visible as the oblique crisscross lincs extending fronm the top to
the dbattonm of the picturcs. Thesc lines are the result of turring
tc lopping piston vhile noving it in ~=d out of the cylinder. In
fisure 21(a), whicl: shows tho lopoed curface before run 134, secverzl
heavy, horizontal, dark lines nry e cbscrved. Thesc lines are
probably grindirg rarks as the slocve wns new at the bezinning nf
run 13A. The lines do not eppear in eny of the other niotuiraniis
showing, prodably, that they hove been wern off.

A comparison of thesc phrotographs irdicatces thnt lepping
produced a surface of reasonable unifernity, althcuz» the surface
shown ot (¢) scens to be sonewhnt conrscr tlhan thc others. Tlc
profilcacter, however, indicated thet the lapved surfacc st.own at
(c) was ~ctunlly snoother (10 microincics average) than the other
lopped surf-ccs (15 aicroinchos AVEraCe) .



U NACA ARR No. 4J06

This disagrocncent between visual comparison and tho profilo-
ncter rcadings nay be due to photograplic technique or to the
isetod of averaging the profiloncter rocdings. Thac profiloncter
rendings veried over a range of about 5 rms nicroinches for
ti:cse surfaces, and a rental average of this variation wns teolton.

Figurc 22 shows the lapped surfaces efter the eagine was run
for about an hour and a guarter, in cecl: case, with different
piston ring ccmbinations,

The obliqus crisscross linecs are fainter in these Hhoto-
graphs showing that the lapping onvits have been worn off by tho
piston motion. The scratches nade by the piston and riags now
rredoiiinate and can be rocosnized ns the sories of heavy vertical
lincs, The horizontal, dark lincs con still be seen at (a) al-
though they are fewer and less distinct,

The profiloncter indicated tlhat the lapped surfnaces were
worn smoother by running cxcept in the case of rum 154, pol:}
average increase in snoothness wes cbcut 3 nieroinches,

No correlation has becen established as yet betweon pro-
Tiloneter rcandings and cylinder woor, Moreover the precision
of surface nessurcncnts in tiids work wes poor.

Figure 23 shows the condition cf thic sane surfaces? after
cach hes been subjceted to about 10 hours'! ndditicnel running,.
There does not appear to be any great difference between the
surfoce after a l-hour run as cormwarcd with a 10-hour run, This
observation would scen to indicatc thet, after lapping, the sur-
facc apprnaches its ultinate condition in about an hour's running
tine. This nbscrvation alss agrees with thic nmeasuremcnts nnde on
piston-ring gap clcerances.,

1is noted orevicusly tho surr~ce vns larned berore starting
run 15B in order to remove a trace of rusts The lapping docs not
appear to have affected the condition of the surface at the end
of this 10-hour run,
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Surface Characteristics of Piston Rings
Used in RuwIa Tests

Photonicrcoronhs of new aircrnft—iype piston ring surf-ces
are chown in fizure 24 These rings are 2ll factory-lappeds The
surfoce of a stroipght-face compression ring is shown at (2); the
verticel lapping narks cover the eatirc surface shoving that it
has Deen lapped to full contacte This surface registers 25 nlcrow

inches mms on the prefiloneters

The beariy; surfece of a bsveled seraper ring is shown at (b),
This ring is also lopped to full contoacte

A tepered-face ring lepped to M"line contact® is showm at (o)
The vertical lapping nnrks are visidle along the lower edge of the
ringe

These photogrophs show that the new rings all have bearing
surfzees of very nearly the sane curracter, These lapping narxs
are not visible to the naked cye; the surfaccs have a uniforn
dull eppearnnccs

Photosraphs of the sae ring surfaces after ab~ut 11 or 12
hours! use are shiown in figure 25 Tic lapping narks are still
clearly visible althnush they have bec rubboeda duwm considerablye
The straizht-fzce compression ring at (2) now registers 14 nicro-
inciies on the profiloaetere It is rather intercsting te natlce
the series of rinc horlzontal lincs on the surface of this stroight-
frnece ringe No such lines zppear in fijure 2“(&), the shotograph of
the sanc surfrce beforec use, end ~oHoarently therc is no monner in
which thesc lines ccould be produced by piston nntions It would
scen, thercfore, that thesc lines nust e tool nmarks which were
obscured in the photogsraph of the oriziral surface by the derta
of the lapping narks, but vhich reappenr as the ridces formed oy
lapping wear dowme Sinilar horizoatal lines may be observed on
tle upper part of the used tapered-face ring shewm in figure 25(c),
but these lincs do not show on the wyder part of the unused tapered-
feee ring shown ir figure 24(c)e IFf thesc lines were renlly tsol
narks, they would be expected to shew cn the unper part (unlapped
reglon) of this surface, Perinds 1t is possidle that these tool
narks (1f such they are) do not show up uwatil they have had corbon
or 0il rubbed into tren while rumninge
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Photonicrographs of Piston Rings

Phetonmicrogreophs of spceincen piston rings arc shrwn in
fisure 26, Fisure 26(2) shows the unctched surface »f ~n -~uto-
netive piston ring of the type used in tiic scuffing runs. The
tlack merlzs siiow the graphite, inclusicns, and so forth,

An ctched photonicrograph of the same ring is shown in (b).
The dark stringers ond spots represcint grapliite, the dend white
oreas represent c~rblde, 2nd the bockground nnterial is perliite.
The carbide nrens ore large and spotty,

Figurc 26(c) shows the unctched surface of an aireraft ring
of the typo used in the run—-in tests., The graphite, inclusions,
and so forth scon to be more pronounced in this ring.

Figurc 26(4) shows 2 photoidcro raph of the aircraft tyoe
ring surface etched. The l-rge gray arcas represcnt graphite,
and the norrow white arens represcnt corbide. The c~rbide orces
are snall and well distributed., The background white roprosents
ferrite wiich is ovidently norc evenly distributed and present
in larger proportion than in the sutonotive ring.

PRECISICY

Cyelic voriation in friction works, - Thirce consccutive fric-
tior cycles werc sclected fron tiac record token at the bezinnirg
of rxz 134, ~nd three consccutive cycles were sclected fron the
reccrd tolren a2t tho end of run 134, Run 13A wes a l-hour run,

also, 3 consceutive friction cycles were selcected fron erch
of thc rccords twien at the beginniag and end of run 13B, Run 133B
was a 10-hour rua. These records are shown in figure 1b,

The variation of the friction work from cycle to cyecle, nnd
eree
Ve

the p entoge varlation of cach cyclce from the average of 3 cycles,
is given below.
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- S 2
l | Friction Percentage
, Cycle | wor: area variation
b po. I (s1e in,) from
l average
e ——— e . e —— — —-f—-—- — e —— e 4 e—
2ecord talzen at be- 1 9,35 +2.6
ginning of Tun 134 2 8. 60 -4,6
(1-hour run) 3 2,11 +0.3
ave = 9.02
B e miishmanand —_—— - -+ ! -
Pecord talen at end 1 7.58 +1.5
of Run 134 {l-hour 7.1 -2.1
‘} Ave = 7.57 ' !
Record talen at be- 1 | 775 +2.1 \
ginning of Fun 13B 2 | 7.3 -3.7 i
(10-hour run) 3 l 7.71 +1.5 |
) t
i
Afu = | 059 !
]
- B i B f
Record talken at end 1 i 6,21 -0.1 :
of Run 173 (10-hour ;| 2 | 6,17 ! +2.1
run) 3 1 5452 i ~2.0
‘ ' E
| o | av. = 6,03 |

The foregoing éata shiow that the percentage voriation in
friction work from cycle toc cycle is atout +l percent., Since
the run and the cycles selectcd represcnted random cholces, 1t
ts prodadly safe to assume that this variation is representative
of all runs. Therefors, comparisoas of friction woric made on the
vasis of single cycles should be valid to within 4 percent,

~ Although the precisior could have been substantially improved
by meking compsrisons on the basis of several cycles, all compari-
sons made in this werk were bascd on sinzle cycles, becausc the
work involved in enlarging, tracing, end tronsforming the records
from thelr original cocrdinates to coordirates saitable for comput~
ing the friction work was conslderable (sce appendix B).

Reproducibllity of results. - Aftcr the completion of runs
134 anc 1338 (rigr-tension, straight-foce rings), it was decided to
repeat run 134 by way of detcrminirg how closely the results could
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be dunlicateds A new set of piston rings, having the same diametral
tcusions, were selected, and the eylinder vas lanped, oil systenm
flushed, and so forth, so that at tho start of the check run the
apparatvs was viry nearly in tie same condition as at the start of
ran 131;0 ’

The diametral tcneions of the piston rings measured before
thc rans weresd
e - —_ —- —_ -

Ring mumber

9.90 10,05 1bs

Cheek run | 5.72 9.86 10,00 1bs

— e e

Run 134 5«70 ! 5¢85 i 5¢36
|

e

! —

Unfortunately tie record takan at the beginning of the check
run was lost duc te a breax In the £ilm, but = good record was
outeined at the onéd of the run. This rcecord is shown in figure
27 ~id compnres favorably with the rocord shown in fizure 14(b).

The friction work of czcii of tiac 3 cornscecutive cycles shown
in figure 27 was cemputed ani compurcd vvith the work fer caelr of
the cycles shown ia fizere 1%(b)}. Results avpear in the follow-
ing tadles

: i Friction
| Cyele work area
noe (sqe in.)
e e =]
t 7.68
7.4
7.62

Record taken ot
end of run 134

A NV o

» AVe = 757

—_— - e — N, o p—

Record taker at cnd i 1 7.26
of check run ; 2 | T.42
3 7.6C

7.43

AV,
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The average friction work for the check run is 1.9 pcreent
1css then the average friction worik of run 134. The apparatus,
trercfore, ylelds reproducible results,

Calidbration errors. - The over-all sonsitivity of the
arparatus, that is,

force acting on cylinder sleeve, pounds
vertical deflection of film trace, inches

wos Cetermined by romovinz the cylinder hcad and loading the
sleeve~-dlaghrogm system with welghts wiile recording the dis-
placcment of the light spot on a stationary film,

During the celidbration the jacket water was mnintained at
180° F beccamse this was the stenderd jacket temperature for -
all runs. Wact change, if any, took lace in the over-all sen—
gitivit: of the epparatus under firing conditlons is un'tmown,
but such ghange ves probably small since the disphragms were in
no vay cxposed to cylinder terperatures, end, morecver, the
disohragms formed the upper =rnd lower surfaces of the water -
Joczet (see Tig. 1) throush wlich a good circulation wes
maintaired.

The scufiing runs were perfermed vith slecve-diaphragn
systum no. 1, ond the total running tine for these runs was
cbout 6 hovrs. A calidration of this slecve—dicphraga system
wes mado immediatcly after these runs, and since the dinphragms
were thoroughly "seasoned, " having bcon used at least 100 hours
in preliminary runs, it wns agsumed thrt no significant change
{r. the calibration took place during the drief neriod of the
scuffing runs,

The ealibration eurve for slecve-dlagram systom mo. 1 is
shown in figure 28.

In the case ¢f slecvo-dirgram system mo, 2, which was used
in the run—in tcsts, the experimentcl work occupled a period of
obout 4 morths and involved well over 100 hours' running time.

A calibration curve was dctermined before the runs, when the
slecve and dizcphragms were new, ~nd snother curve was determined
after the runs were completed. A maxirmm change of 5 percent in
the over-nll sensitivity wes notcde an avorage value of ovor-all
sensitivity wes thcrefore assumed, &iving a calibration error of
+£2L porcent. Thc calidration curves ere shown in figure 29
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Personal errors., - Errors made in enlarging the records in a
projector and tracing the enlarged image menually for the purpose
of constructing work loops should, by the nature of the process,
cane-l out,

Film spoeds ~ The high-speed film drive was powered by a
1/8~horscpouer synchronous motor which brovght the film drum up to
spced in a fractlon of a revolution, but as a preccaution, the first
few cycles of a record were discaried, 3Rcpeated use of this camcra
in meny investigntions in this laboratory have showm that 1t is
thoroughly reliable and free from any significant errors.

Blow-by measuremonts. - Zlow-by 'ms measured by a new precision
bellows-tyne gas meter which gave rezdings within +1/2 percent when
calidbrated at thc factory. 4 voluwne of 1 cubic foot was indic~ted
by 1 revolution of a vointcr on a lerge dial on the front of the
nctere Although 1t would bave been desirsble to teoke readings
bascd on 2 or 3 revolutions of t:5 poiuter, this procedure cculd
not be followed cs3iceially in the cosc of the l-hour runs, because
the blow-by was 80 small that the better part of an hour was ro-
quired in some cascs for the pointcr to complete 1 revolution.
Conscquently, since blow-by mensurcncnts were desired at tac begin-
ning and end of 2 l-hour run, readings were taken over 1/2 revolu~
tion of the vointcr only, but alimys over the same are.

Ring tensionse = Dizvictral ring tensions werc mcasured with
o precision of %l pcrecent (scec epnendix &),

Ring gap clearance., - Gap clcaranccs in piston rings wcre
measured by means of a fccler gage to the nearcst 00001 inch A th
en crror of apnroximatcly 43 ncrcent,

Over-all orecision of cxerimentrl worke - In view of the
foregoing considerctions it is believed thnt an over—-all precision
of 4 percent is a reliatle figurc to use in interpretirg data
presonted horein, -

COHCLUSIONS

1, Neither scuffing nor severe detonation at moderate mean
effcctive pressure (80 1b per sq 4ine) incrcases the friction
worke

2o Motoring frictlon work is less than firing friction worlk.

T Pt s O . D Bt et e e g et et ok e s S e - e

IIn thess conclusions "Iriction work" neens that work due to
pistor ard ring rriction only,
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3¢ The rotc of wear o2 crli-dcr barrele, as neasurcd by
rroliloneter rendings, ead the rate of wear on rings as nmeasurcd
by sen increascs 1s ruch gre~ter dvrirg the first hour of runiing
than during the raisining 10 hours of ~n ll-hour runaing periode @

te  Durin; on ll-lhiour porlod and within the rengc of verinbles
teotody

(2) The vork of friction decrerses steadily with ruaning
tine, tihe nost ropld decrense occurring with high-tension,
trpered-face rings,

(b) The deercase in friction work with ruaning tine is
not due to 2 decrease in ring tonsion, which remains csscn—
t1ally constont, '

(¢) The decreasc in friction work with running time is
undoubtcdiy due to the cienge in surfoce characteristics of
cylinder wells and ringse Lopoed cylinder-wall roughness
fcll froa 15 tieroinches to 10 wicroinches ard lapped-ring
roushness fell fron 25 to 1% nmicroirches,

(d) In thec case of straigateloco rings, friction work
is no grenter Tor Ligh—-tonsion thar for low-tension ringse

(e) In the casc of topored-face rings, friction work
is greator for bisgt—tension th-n for low-ternsion ringse

(f) a4t the cnd of the runin period (11 heurs) taper ed-
ece rings give enaller values of friction vork then straighte
arce rings,
No corrclation has been established n2s yet botwoen profiloncter
rerdings wd cylinder weors lorcover the preelsion of surface neas-
urciacrnts In this vork was poor; also the ACa has found tlat chsrnges
in ;op cle~rances do not corrclate well with velght chonges of piston
rings ard thercfore do not glvc a rclisble incieation of wear, The
differences in the rates acntioned sbove, however, arc of the order
of 5 to 1, and siwuld thercfore o of sonc significance,

f
T

0
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5, Photonicrorrahs of the structurc of comnercial cast iron
rizes show thnt the material custonnrily uscd in airernft rivegs

{a) shows ruck larger porccentage of ferrite
(b) shows nmorc free carbon

tron tho material customarily used for eutomotive ringse

Mossochusctts Institute of Technology,
Canbridse, lMasse, Jamuary 27, 1G4,

APPENDIX A

DISCRIPTRI0N OF APPARATIS FOR MEASURING

DIAMETRAL TZASICN CF PISTON RINGS

A vphotogrenh of the spparatug usod to ncasure diametral ring
tcnsion is shown in flgurc 12.

The plston ring was plnced beiveen the ndjustodle shoulder A
ond the sliding orn By The sliding arm wes conr.ected by means of
two picces of stecl vire © to the wppor cnd of a spring bdolance Ds
To t>c lower end of the spring belnnce, o scrow E was conrected
whicr, when tightencd, trensnitted = lond to the piston ring, through
the talance, wherce its magnitudc could be rerd dircetlye

The correct gap clearancc of tho ring wes detcrmlned by placing
the rins in o ring gage, nachined to the exnct size of the cylirder
borc, ard reasuring the elearanco with a fecler gagce

The ring wes tien placed in tiie mpnoratus and the nicroneter
cercw F tichtcneé until the ring wes conipressed to the corrcet g
clerrance. ‘hea the nicrometer scrow was in contact with the ver-
cieel shart G on the sliding arm, a circuit wes closcd whica caused
the snnrll lap H to lichte

The scrow ® wns thon tightomed wautil the lemp went out, whick
indicated that the contast betwera the nicromcter scrow and sh~ft G
wes brokcae At this point the load on the ring was equal to the ring
tension, nnd the macritude wes read on the spring balances
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The plate I wes used to linc up the ring accurntely. The
heisht of the platc was Just cquel to the radlus of the crlindGers
¥ica the ring was pleced in the epperctus, care was tnken to hnve
the gep in linc with the top of the plates The platc also scrved
to linc up the ring parallcl to the basc of tho machines After
lining up the ring, the platc was renoveds

The apparatus was flexibly nounted in a vertierl position,
and a saell notor J, with nn unbelanced disk on the slaft, wos
used to vidbratc the npporatus in order to dininish static friq?ﬂono
The notor wes nounted on the back of the apparatus, at the top,
and docs not show to adventages

Repented ncasurenents on a siven ring were in egreenent within
one pcreenty  All values rcad off the spring bal~nce wcro corrocted
for the weicht of the sliding am and those parts hanging on the
sliding arn,

APPENDIX 3B
- COMPUTATION OF FPICTION WORK

In computing friction worlt fron the fila records it wes Iirst
necessary to dcternine the deflectin: forcc acting on the eylinder
slecve, correspoading to 2 given ordinate on the film record. This
infornation wns obtained as e:plained in tho scction on Prcclisions

The enlibretion curves arc slown in figurcs 28 and 29,

In thc following cxposition, only the data perteining to slecvoe
diephragt systcen no, 2 will be uscde
The over—ell sensitivity of the opparctus is defined as

x = F = force acting on cyliader slcoeve, ponnds
Dy verticol deflection of filn trace, inches

Fron figure 29 the average velue of K is 390 pounds per inche

It 1s neccssary to sonvert the tinmc scele on the filn to n dis-
tence scale so that thc product of tic two coordinates will have tho
dinensions of worke Tle records shoin in this report sive the vorio-
tion of sleceve displacement with tinc during the engino cyclce
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If the tinec axis (which, ot constant film and enginc speed, 1s
directly proport4onal to crank angle) ie tranforned to ;ive the dise
tonee of the piston from top ccnter at any instant, then the suniom
tion of the praduct of the two coordin~tes is proportion~l to the
friction works.

The tinmc scnle on the film can be converted into desrces croank
nsle and the corresponding disterce of the plston fron top center
doternined by stroight-forward neasurencnt and computation, dbut the

proce®8 1s laborious., Considsrable cffort was saved by using the
MeIsTe transfer nachine, The transfer nechine is an ~pparatur uscd
in transforning pressurc-creni: angle indlecotor diagreas to pressuro-
volune diagrons,

A photograph and schematic diagrzn of the nachine are shown in
fizures 30 and 31,

The 2achine consists cssontislly of tvo sliding tables A =nd B
which arc free to pove in a horizontal directions The table A 1s
ectuated by the belt C which passcs over the drun D and thc pullcy Ee
The teble B 13 actuatcd by tho disk F and the comnecting rod Ge Thc
drun end the disk arc rigldly fastened to the shaft H, When this
shoft is rotatcd thrcugh a iven ~re, thc linear displacencnt of the
t~ble A is directly proportionsl to t:c arc, while the linecar diz—
placonient of thc toble B s directly preportional to the lircar dis-—
placeneat of 2 piston in an actual cnglnc havingz the s-one ratio of
crank radius to connceting rod lengthe This ratio nay be varicd on
tiic transfer nochine by changlng the effective length of the rod G
by neans of the slot J and the clanp at Ke

A pressuro~crank angle dingroma is placed on tedble A, an’ a bl-nk
sheet of popcr is placed on table By Thc "top conter" position for
both tables is fixed by plrcing the pointer L on the top center 2iac
on the pressurc-crans engle dlagran and noving the tedble B as far to
the right as mossibles A claup M on toble A allews this tedle to be
noved independently of the belt C while naking this adjustnente

After the tobles have been lined up on tor center, tic druar D
is rotated by hand until the nointer I is at botton center porition
on thc pressurcecrank anglc dlagrane The pointer L is connccted to
the stylus N tirouch the rod P wihici is constrained to nove trans—
versely by the guides Qo

A small clcetric notor R witlch dvives drun D at very slow
spced is then starteds A4s tadble A noves to *the left, the pointer
L is Lold on the indicator line by the opcratore The stylus X
thean traces out tiie corresponding pressurc-volune diagran,
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In this trarsfer process 1800 on the crank-angle scale is
tronsferred to o scale 5 inches lor; cn which the distance of tho
plston from top center is represcnteds  In the casc of indicator
dipsrams, this scale must be rmltivlied by the area of the plston
to conpletc tihe pressuro-volume transformation, but in tho cnse of
friction records, cylinder volunes are not nccessary, and the trans—
ferred scale can be uscd directlye

The transfcr nachine acconnodntcs & pressurs-crank angle indi-
cator diagran which is 9 inches long for 360° of crank rotatione
Thus, in using the machine to traasfer friction records, cnch 3500
interval tmust be ocnlarged to 9 inchese This cnlargencat was effccted
by placing the rcoord in a photosrephic enlarger ond trecing the 1o
sgc on cross-scction veper with a peneil,

One engine revolution on the filu record is rcpresented by

V= 60 V¢

incihics
N

where

V£ film spced, inches per second

=]

engine rpn

The required erlargencnt of the film rccord is then
M= % = gg—§~
Vr

In onlarging the ebscissa scalc on the film rccord the ordinate
will be correspondirnsly enlarged so that 1 inch on the onlarged ordi-
nate secole will represcnt K/M pounds per inche The ordinatc scale
is not altcred on the transfer machine, howevers

Two consccutive strokes (1 recvolution) of the cnlarged friction
record arc then placed on the transfer nnchine and converted into o
force-plston-position diagrans The rosult is shovm in figurc 32. The
upper diagran represents the loop ovtzined if the two consccutive
strokes happen to be the suctinn arnd copression strokes and the lower
diagran rcpreosents the result obtainod if the power and cxhrust strckes
are takens
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Since the strokc of the enzine is 4e5 inches, 1 inch on ti--
transfornecd cobscissa scale will represent 4e5/5 inches of piston
otione Honce 1 square inch of the friction work loop rcoresents

£ x 315 x L foot pounds
M 5 12

If A, rcprescnts the arca of the friction work loop for thc
power and exhoust strokes and Ay represents the ares of the fric-
tion work loop for the suction and coupression strokes, tien the
frictlon work for 1 cycle is

u 1
w = A - -— 05 ——
(A + 4,) x o X ; X o5

and with K = 390 pounds per inci. for the case of slecvo-diaphragn
systern noe 2 ard a fila spced Vg of 25 inches por sccond, this
expression becomes

4870
W= el (4, +45) ft=1bs per cycle

The piston friction nean effectiv: pressurs is defiacd as

e 1 - vyem
pfnep w L=8zion worx of eycle, iusl-pounds

piston displaccicnt, cubic irches

and is given by

L
pfncp = iO(A +A,) X 12 X =i

373

1570 (49 + 4p)
iy

pounds »er squarc inch

viicre the figure 37,3 is the plston dsplacenert in cudbie inches,
and the factor 12 coaverts reatepounds to irch-povads

Piston friction horsepower is [ivor by

* bt
pihp = ~=miZ® 0.0737 (1, + A,)
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1t nay be pointed out thet the work loops shovm in fijurc 32
are oli.ost, but not completely, closcde This situntion obt-ins to
o sreater or lesscer decrec for all recordse The begluning z2nd end
of the friction trace for a glven stroke is indiecnated by 1little
cireles at the rizht and left hond ends of the loopse The right
“and cnd of the loops is alwrys closed, of course, bcemusc the troce
as not been broken here, but when the lower branch of the loop 1is
Jolded backward, it does not 2lweys mect the beglnning of the upoer
branche Tris is duc to resonant excitation of the slceve, ond lves
2 slizhtly crroncous valuc for thc friction work of 1 revolutions
Ir tke casc of figure 32 the work arens for both loons would be
cre~ter than the true work arca,

In other coscs, however, the two tranchcs of tho loop crnss
at the left hnnd side, giving a sanlleor valuce of friction work than
tre truc value,

On the average thero were about =s neny loops which cave hijh
values of friction work as there were loops giving low volues, ond
the maxirmun variation, duc both to thils ceusc and cyclic variation,
in operatinz conditions wrs %4 percent (sce discussion under Pro-

cision),
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